Nucleolin is a well-known major non-ribosomal protein consisting of 710 amino acids in nucleolus: biochemically it is a ubiquitous phosphoprotein which serves as regulator of ribosomal biogenesis and maturation, including the control of ribosomal DNA (rDNA) transcription, pre-ribosome packaging, and organization of nucleolar chromatin. 1, 2) We recently reported that TNF-a inducing protein (Tipa), a new carcinogenic factor (molecular weight of 19 kDa) which is transcribed from the TNF-a inducing protein (Tipa) gene in the genome of Helicobacter pylori (H. pylori) strain 26695, binds to nucleolin on the cell surface of mouse gastric cancer cell line : This finding provided a new mechanistic insight into gastric cancer development with Tipa mediated through nucleolin.
to regulate the cell growth by either a promoting ligand, like midkine, a cytokine regulating cell proliferation and differentiation, or inhibiting ligands, such as lactoferrin and endostatin. [8] [9] [10] [11] Considering our study of nucleolin on the cell surface, we think that a ligand with anticancer activity can be used to inhibit the growth of gastric cancer cells.
The well-investigated anti-cancer aptamer named AS1411 is a DNA aptamer of 26-mer unmodified guanine-rich oligonucleotide; it specifically binds to nucleolin, resulting in inhibitions of nucleolin function and cancer cell growth in vitro and in vivo. 12, 13) Since AS1411 is now in Phase II clinical trials as treatment for acute myeloid leukemia and renal cell carcinoma, we think it is worthwhile to study the effects of AS1411 on inhibition of cell growth and cell cycle regulation in gastric cancer cell lines. This manuscript is the first report that the amount of nucleolin is clearly elevated on the cell surface of gastric cancer cell lines, but not in normal mouse glandular stomach, and that AS1411 inhibits growth of gastric cancer cells probably mediated through cell surface nucleolin before it is incorporated into the cells. All the results indicate that nucleolin on the cell surface is a new molecular target for treatment of gastric cancer in humans.
MATERIALS AND METHODS

Cell Lines and Cell Culture Conditions
Five human gastric cancer cell lines were used: MKN-1 (adenosquamous carcinoma), MKN-45 (poorly differentiated adenocarcinoma), MKN-74 (moderately differentiated adenocarcinoma), AGS (adenocarcinoma) and KATOIII (signet ring cell carci- 
14)
Materials Anti-nucleolin antibody (anti-NUC295) was raised in rabbits by immunizing a syntheic peptide of 8 amino acids (from 295 to 302) of nucleolin, as described previously. 15) Anti-lamin B and Anti-HSP90 antibodies were purchased from Santa Cruz Biotethnology (CA, U.S.A.). Anti-caveolin 2 antibody was from BD Transduction Laboratories (CA, U.S.A.). AS1411 with sequence 5Ј-d(GGTGGTGGTGGTTGTGGTGGTGGTGG)-3Ј, 5Ј-fluorescein isothiocyanate (FITC)-AS1411 and cytosine rich oligonucleotide (CRO) with sequence 5Ј-d(CCTCCTCCTC-CTTCTCCTCCTCCTCC)-3Ј were synthesized by SigmaAldrich Japan (Tokyo, Japan). 13) Each oligonucleotide was dissolved in the Tris-EDTA (TE) buffer, heated at 88°C for 10 min, and then gradually cooled to room temperature to form G-quartet structure.
Cell Fractionation and Western Blotting Homogenates of MKN-1, MKN-45, MKN-74, AGS, KATOIII, and MGT-40 cells, and of mucosa of glandular stomach of Balb/c mice (Clea Japan, Tokyo, Japan), were fractionated into membrane, cytosol, and nuclei using Qptroteome cell compartment kit (Qiagen), according to the manufacturer's instruction. Each fraction was subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subjected to Western blotting using anti-nucleolin, anticaveolin 2 (for membrane), anti-HSP90 (a marker for cytosol), or anti-lamin B antibody (for nuclei).
Flow 16) The absorbance of non-treated cells was expressed as 100%. The experiments were conducted in triplicate and the results are the means of two independent experiments.
Immunocytochemistry MKN-45 cells were stained with anti-nucleolin antibody (anti-NUC295) in non-permeabilized condition: they were incubated with 40 mg/ml anti-NUC295 for 2 h in the culture medium containing 25 mM NaN 3 at 37°C. After fixation with 95% methanol containing 5% acetic acid, cells were treated with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen) and 4Ј,6-diamidino-2-phenylindole (DAPI), and examined by fluorescent microscope (BIOREVO BZ-9000, Keyence, Osaka, Japan). MKN-1 and AGS cells were incubated with 15 mM FITC-AS1411 at 37°C for 2 h, then fixed with 95% methanol containing 5% acetic acid. The cells were treated with 10 mg/ml anti-NUC295 and stained with phycoerythrin (PE)-conjugated goat anti-rabbit IgG (Invitrogen) and DAPI.
Cell Cycle Analysis Cell cycle was examined using flow cytometry of propidium iodide (PI)-stained cells as described previously.
17) MKN-1, MKN-45 or AGS cells were treated with 5 mM AS1411 for 24 h. After fixation with ice-cold 70% ethanol for 30 min at 4°C, cells were stained with 50 mg/ml PI. 17) DNA contents of about 10000 cells were measured by flow cytometer (Epics XL, Beckman Coulter).
Statistical Analysis The data were compared using Student's t test.
RESULTS
Localization of Nucleolin in the Membrane of Human Gastric Cancer Cell Lines
To investigate the localization of nucleolin in gastric cancer cell lines, we used five cell lines, MKN-1, MKN-45, MKN-74, AGS, and KATOIII. The cells were fractionated into membrane, cytosolic and nuclear fractions, each of which was subjected to SDS-PAGE and further immunoblotted with anti-nucleolin antibody. In this experiment, the three polypeptide bands that reacted with anti-nucleolin antibody in the membrane fraction had molecular weights of 107, 98, and 81 kDa, similar to those of the nuclear fraction of MKN-45, MKN-74, AGS, and KATOIII cell lines (Fig. 1A) . It is important to note that the amounts of nucleolin with 107 kDa in the membrane fractions were almost the same as those of the nuclear fractions in these four gastric cancer cell lines. However, MKN-1 cell line contained smaller amounts of nucleolin in the membrane fraction compared with those of the nuclear fraction (Fig. 1A ). Nucleolin bands with 107 kDa in both the membrane and nuclear fractions were derived from the full length of nucleolin, and we observed its degradation fragments (98, 81 kDa) due to its unstable nature and, in part, its auto-proteolysis. 1, 2) From the results, we concluded that large amounts of nucleolin were present in the membrane fractions of four gastric cancer cell lines, MKN-45, MKN-74, AGS, and KATOIII, with smaller amounts found in MKN-1, although all five gastric cancer cell lines contained similar amounts of nucleolin in the whole cell lysates (Fig. 1B) .
To understand the significance of the nucleolin in membrane fraction of gastric cancer cells, we determined the localization of nucleolin in the normal epithelial cells of mouse glandular stomach by cell fractionation, and compared this with that of mouse gastric cancer cell line MGT-40. Figure 1C shows that the membrane fractions of normal glandular stomach of two different mice contained less than 1% of the nucleolin in the nuclear fraction, and that the amounts of nucleolin in the nuclear fraction of mouse glandular stomach were much lower than those in MGT-40 cells, suggesting a link between smaller amounts of nucleolin in the membrane fraction and a non-malignant status. Based on these results, we think that the normal epithelial cells of mouse glandular stomach do not contain significant amounts of nucleolin in the membrane fraction.
Presence of Nucleolin on the Cell Surface The localization of nucleolin on the cell surface was determined by flow cytometry with anti-nucleolin antibody (anti-NUC295). In this experiment, gastric cancer cell lines were incubated with anti-NUC295 and Alexa Fluor 488-labeled anti-rabbit IgG. Figure 2A shows that the fluorescent peaks of MKN-45, MKN-74, AGS and KATOIII cells dramatically shifted from basal fluorescence, when treated with pre-immune serum as a control to high fluorescence, when treated with anti-NUC295, whereas MKN-1 cells with smaller amounts of nucleolin in the membrane fraction showed a slight but significant sift of the fluorescent peak. These results strongly supported the aforementioned results of cell fractionation.
The localization of nucleolin on the cell surface of gastric cancer cell lines was confirmed by immunocytochemical analysis with anti-NUC295 in non-permeabilized conditions. MKN-45 cells were first incubated with anti-NUC295 before fixation of cells, and stained with Alexa Fluor 488-labeled anti-rabbit IgG. Nucleolin was visualized on the membrane of MKN-45 cells (Fig. 2B) . All the results clearly demonstrated that nucleolin is present on the cell surface of gastric cancer cells, and that the amounts of nucleolin on the cell surface vary among cell lines.
Growth Inhibition of Gastric Cancer Cell Lines with a DNA Aptamer, AS 1411 Since AS1411, a DNA aptamer, is reported to directly bind to nucleolin, 12) in this experiment we studied the inhibitory effects on cell growth of gastric cancer cell lines with AS1411 of 26-mer guanine-rich oligonucleotide, compared with CRO of 26-mer cytosine-rich oligonucleotide as a control. AS1411 was added to culture (Fig. 4) . The results suggest that the nucleolin-targeted DNA aptamer induced Sphase cell cycle arrest in MKN-45 and MKN-1 cell lines by inhibition of de novo DNA synthesis.
Incorporation of AS1411 into Cells with Nucleolin on the Cell Surface We studied the correlation between large amounts of nucleolin on the cell surface and incorporation of AS1411 into the gastric cancer cell lines associated with anticancer activity. The incorporation of fluorescence-labeled AS1411 (FITC-AS1411) into the cells was determined by flow cytometry (Fig. 5A) . FITC-AS1411 was rapidly incorporated into MKN-45 and AGS cells with large amounts of nucleolin on the cell surface: almost 100% of the incorporated cells within 2 h. In contrast, FITC-AS1411 was gradually incorporated into MKN-1 cells with smaller amounts of nucleolin on the cell surface (Fig. 5B) . The relative levels of the FITC-AS1411 incorporated into AGS and MKN-45 cells were 2-2.5 times higher than those in MKN-1 cells within 6 h after incubation (Fig. 5B) . The incorporation of FITC-AS1411 into AGS and MKN-1 cells was examined by immunocytochemistry after 2 h of incubation with 15 mM: FITC-AS1411 was incorporated into both AGS and MKN-1 cells, and was colocalized with nucleolin in the cytosol and nucleolei in the cells. Fluorescence intensity of AS1411 in AGS cells seems to be much higher than that in MKN-1 cells (Fig.  5C ). The direct binding of AS1411 to nucleolin on the cell surface of gastric cancer cells and its association with inhibition of cancer cell growth opens up a new strategy for screening of promising therapeutic and preventive agents for gastric cancer in humans.
DISCUSSION
In the light of our evidence that proinflammatory cytokines, such as TNF-a and IL-1 are endogenous tumor promoters, we first found Tipa as a new carcinogenic factor of H. pylori. 4, 18, 19) Since Tipa is incorporated into the cells not mediated through Type IV secretion system of H. pylori, Tipa is different from CagA or urease. We recently reported the direct interaction of Tipa with nucleolin on the cell surface of MGT-40 cells, although nucleolin is predominantly present in the nucleoli.
3) The direct binding of Tipa to nucleolin induces incorporation of the binding complex into the cells, which results in cancer development. The presence of nucleolin on the cell surface seems to be an important factor in carcinogenesis, since the membrane fraction of normal epithelial cells in mouse glandular stomach does not contain much nucleolin. The results allowed us to find out whether the presence of nucleolin in the membrane fraction is a general feature of gastric cancer cells. This paper discusses the significance of nucleolin on the cell surface in carcinogenesis.
The presence of nucleolin on the cell surface is highly indicative, because nucleolin was found on the cell surface in various cancer cell lines including liver, breast, kidney, lung, colon and uterus, and in melanoma. 1, 13, 20, 21) Moreover, we recently found that the levels of nucelolin on the cell surface in Bhas 42 (v-H-ras transfected BALB/3T3) cells, which are used as so-called initiated cells in the experiments, is significantly higher than in normal BALB/3T3 cells, suggesting that the activation of Ras signaling induces translocation of nucleolin from the nuclear fraction to the membrane fraction (our unpublished data). If this is so, the initiation stage may result in a hospitable cancer microenvironment for Tipa of H. pylori. Further study on the expression levels of nucleolin and the translocation of nucleolin to the cell surface will certainly provide new insights into the mechanisms of gastric cancer development. Since CD44 positive cells were recently reported to be possible tumor initiating cells or stem cells of gastric cancer, 22) it is definitely worth studying the amounts of nucleolin on the cell surface of CD44 positive cells.
In spite of the fact that nucleolin does not have a hydrophobic transmembrane domain, which most membrane proteins have, nucleolin is translocated from the endoplasmic reticulum and Golgi apparatus to the cell surface.
2) And nucleolin on the cell surface tightly interacted with intracellular actin through an actin-based motor protein. 23) Large amounts of nucleolin on the cell surface probably reflect of the overexpression of nucleolin in cancer cells, and we found that the levels of nucleolin on the cell surface varied among five gastric cancer cell lines, although all levels were similarly overexpressed. The translocation of nucleolin in the gastric cancer cells is not well investigated, but we assume that tumor initiation is involved in some regulatory mechanism for localization of nucleolin.
Nucleolin on the cell surface reacted with only two antibodies, anti-NUC295 rabbit polyclonal antibody and a monoclonal antibody (mAbD3) 15, 23) : it did not react with other commercially available antibodies, suggesting that nucleolin on the cell surface has a unique conformation with posttranslational modification. N-Glycosylation of nucleolin is assumed to be essential for localization on the cell surface, based on our results showing that treatment of tunicamycin, an inhibitor of the N-linked glycosylation of protein, significantly reduced the amounts of nucleolin on the cell surface of MGT-40 cells, but not the amounts in nuclei. 3, 24) Recently, Vicia villosa lectin (VVL)-positive nucleolin, which contains GalNAca1-O-Ser/Thr glycosylation, was reported to be present in the cell membrane of melanoma cells. 21) Whether a similar glycosylation is found in nucleolin on the cell surface of gastric cancer cells needs to be investigated next.
Looking at the function of nucleolin on the cell surface, nucleolin acts as a receptor for various ligands. The binding complexes of nucleolin with ligands are internalized into the cells. HIV particle is one of its ligands, and the anti-HIV pseudopeptide HB-19, which specifically binds to nucleolin on the cell surface, prevents HIV infection.
11) Since HB-19 tightly binds to nucleolin and inhibits nucleolin function, HB-19 induces anticancer activity and inhibition of angiogenesis. 25) It is important to note that the DNA aptamer AS1411 binds to nucleolin on the cell surface, and rapidly internalizes into gastric cancer cells. We have presented the results showing that the growth inhibition of gastric cancer cells with AS1411 is associated with induction of S-phase arrest, and that AS1411 increases in sub-Go phase cells of MKN-45 cells and induces apoptosis. Also it is well understood that guanine-rich oligonucleotide induces S-phase arrest by inhibition of DNA synthesis. 26) Therefore, since neither AS1411 nor HB-19 show any toxic effects on normal cells, we think that the localization of nucleolin on the cell surface is a general feature of gastric cancer, and that a nucleolin targeted ligand would be a promising tool for gastric cancer treatment: AS1411 is now under Phase II clinical trials for acute myeloid leukemia and renal cancer in the United States. 12) In conclusion, nucleolin is an essential protein for cell proliferation, and the localization of nucleolin on the cell surface is unique in cancer cells. Moreover, study of the screening of nucleolin targeted ligands will intensify the understanding of carcinogenesis by H. pylori infection with Tipa.
